Dislocation arrays and dislocation half-loops in BaTiO 3 thin films were characterized using transmission electron microscopy ͑TEM͒. BaTiO 3 films with thicknesses ranging from 2 to 20 nm were grown on ͑100͒ SrTiO 3 by reactive molecular beam epitaxy ͑MBE͒. The critical thickness for dislocations to occur in this system was found to lie between 2 and 4 nm. The misfit dislocations are mainly ͗100͘ type. The average spacing between the dislocations in the array becomes smaller when the film is thicker, which indicates gradual relaxation of mismatch strain with increasing film thickness.
Much effort has been devoted to growing epitaxial thin films on lattice-mismatched substrates for device applications. When the epilayer is thin, it is strained due to lattice mismatch. Above a critical thickness, however, dislocations are generated to reduce the mismatch strain. Dislocations, such as threading dislocation, can drastically degrade the performance of semiconductor devices. In ferroelectric oxides, the strain field surrounding dislocations can significantly perturb the ferroelectric properties of the surrounding material. 1 We are particularly interested in making epitaxial superlattices containing BaTiO 3 layers that are commensurately strained to the underlying SrTiO 3 substrate to take advantage of their enhanced ferroelectric properties. 2 It is important to know at what thickness dislocations will appear and how these dislocations move and interact with each other to reach an equilibrium configuration. In the past several decades, many theoretical models have been established to calculate the critical thickness and/or the interaction energy of dislocations. [3] [4] [5] [6] [7] [8] [9] [10] In this letter, dislocations in epitaxial BaTiO 3 thin films grown on SrTiO 3 were studied using transmission electron microscopy ͑TEM͒.
The perovskite BaTiO 3 is a ferroelectric material with applications in many electronic devices including capacitors, night vision, and memory devices. Epitaxial BaTiO 3 thin films have been grown on SrTiO 3 using pulsed laser deposition ͑PLD͒, 11, 12 activated reactive evaporation ͑ARE͒, 13 and metalorganic chemical vapor deposition ͑MOCVD͒.
14 Below 130°C, unstrained BaTiO 3 is tetragonal (aϭ0.3992 nm, c ϭ0.4036 nm) with a spontaneous polarization along its c axis; above 130°C it is cubic (aу0.401 nm). 15 SrTiO 3 is a cubic perovskite with lattice parameter aϭ0.3905 nm at room temperature. 15 There is a 2.2% lattice mismatch for tetragonal BaTiO 3 on a ͑001͒ SrTiO 3 surface with ͑001͓͒100͔ BaTiO 3 ʈ (001)͓100͔ SrTiO 3 , i.e., a c-axis-oriented epitaxial BaTiO 3 film. In agreement with previous work we found that the main type of misfit dislocations in such epitaxial BaTiO 3 thin films are interfacial edge dislocations with Burgers vector bϭa͗100͘. 11 Theoretically, to completely relax the mis- 20 yielded even smaller numbers: 1.3-1.6 nm. While these calculations are for the equilibrium critical thickness, the experimental critical thickness must be at least as large as the equilibrium critical thickness and usually depends on growth conditions. It is not currently possible to precisely predict the experimental critical thickness from theoretical calculations.
In this letter, we used TEM to examine the dislocations in a series of thin epitaxial BaTiO 3 films grown on ͑001͒ SrTiO 3 with thicknesses ranging from 2 to 20 nm to see the development of dislocation arrays at the interface as a function of film thickness to relax the misfit strain. At the same time, the value of critical thickness was evaluated.
BaTiO 3 thin films with 2, 4, 6, 8, 12, and 20 nm thicknesses were grown on well-oriented ͑Ϯ0.1°͒ SrTiO 3 ͑001͒ substrates by reactive MBE. A homoepitaxial SrTiO 3 buffer layer about 2-4 nm thick was grown on the bare SrTiO 3 substrate prior to the growth of the overlying BaTiO 3 film. Both were grown at a substrate temperature of about 650°C ͑measured using an optical pyrometer͒ in a background pressure of 5ϫ10 Ϫ7 Torr of molecular oxygen. The elemental sources, Ba and Sr contained in effusion cells and Ti from a Ti-Ball™, 21 were shuttered to deliver stoichiometric alternating monolayer doses of BaO •s. Cross-section and plane-view TEM samples were prepared by mechanical polishing followed by argon ion milling ͑PIPS, Gatan, Inc.͒. The plane-view samples were ion milled from the SrTiO 3 side. JEOL4000 and JEOL2010F TEMs were used in this work. Figure 1͑a͒ is a cross-sectional dark-field image of a 20 nm BaTiO 3 film grown on ͑001͒ SrTiO 3 substrate. This image was taken under gϭ͑200͒ two-beam conditions. The dislocation cores at the BaTiO 3 /SrTiO 3 interface are seen at the interface. Figure 1͑b͒ is a dark-field image of a dislocation array in the same sample under a gϭ͑110͒ two-beam condition. The area imaged includes both BaTiO 3 and SrTiO 3 , which was confirmed by chemical analysis using x-ray energy dispersion spectroscopy ͑EDS͒ attached to the TEM. The orthogonal dislocation network is composed of two perpendicular edge dislocation lines with Burgers vectors bϭa͓100͔ and bϭa͓010͔, respectively. The Burgers vectors were determined by using the g•bϭ0 extinction criterion under several different two-beam conditions. The atomic structure of the dislocation core at the interface was revealed in a high-resolution image, as shown in Fig. 1͑c͒ , in which the Burgers vector is determined to be bϭa͓100͔ by drawing a Burgers circuit around the dislocation core. The bright short lines in Fig. 1͑b͒ are dislocation half-loops which have the Burgers vector of a͓100͔.
Figures 2͑a͒-2͑f͒ are plane-view TEM images of different BaTiO 3 /SrTiO 3 films showing the configuration and the morphology of the dislocations as a function of film thickness. The average spacing of these dislocation lines decreases with increasing film thickness, which is qualitatively in agreement with previous theoretical calculations. 7 Between the long straight lines are many isolated short defects that are dislocation half-loops which are confirmed by diffraction contrast images from both plane-view and crosssection samples and HRTEM images of cross-section sample. It should be noted that the long, straight dislocation lines in the 2 and 4 nm films are dislocations originating from the terminating points of bulk dislocations in SrTiO 3 substrate. The density of such bulk dislocations is consistent with the 10 6 dislocations/cm 2 typical of SrTiO 3 single crystals grown by the flame-fusion ͑Verneuil͒ method, 23 as is the case of the substrates used in this study. The 2 nm thick BaTiO 3 film was completely free of dislocation half-loops ͓Fig. 2͑a͔͒. The morphology of the 4 nm film is similar to the 2 nm film except that the nuclei of dislocation half-loops become visible in the film, as shown in Fig. 2͑b͒ . So, the critical thickness for the formation of misfit dislocations in the BaTiO 3 thin film grown on ͑001͒ SrTiO 3 is between 2 and 4 nm and close to 4 nm. The measured average densities of dislocation half-loops for the films with different thicknesses are given in Table I .
Dislocation half-loops are comprised of two threading dislocations and a segment of an edge dislocation. The threading dislocation is inclined or perpendicular to the interface, while the edge part is parallel to the interface. A half-loop is formed when atoms are removed from the ͑100͒ or ͑010͒ plane of the BaTiO 3 . The dislocation half-loop generally nucleates at the film surface and then expands toward the interface. 18 Two or more half-loops may meet and combine to form a long straight edge dislocation line at the interface. This helps to relax the misfit strain. The threading dislocation portion of the half-loop does not contribute much to strain relaxation. Through such dislocation reactions, the threading dislocations are annihilated from the film, improv- ing the film quality. We note that inclined threading dislocations with Burgers vectors of type a͗110͘ were identified to relax the misfit strain in a 200 nm thick film. 11 Its contribution to strain relaxation is insignificant in very thin films such as those studied in the present work because the small film thickness limits the length of the inclined threading dislocation along the film normal. Thus, the combination of dislocation half-loops to form a dislocation line at the interface plays a dominant role in strain relaxation for ultrathin films. Figure 3 schematically illustrates the evolution of dislocation arrays driven by misfit strain as a function of film thickness. When the film thickness is less than the critical thickness, the film is highly strained by elastic deformation and the film is free of dislocations, as shown in Fig. 3͑a͒ . Only surface defects from the substrate can generate dislocation lines at the interface ͑not shown in the figure͒. When the film exceeds the critical thickness, dislocation half-loop begin to appear in the film, as shown in Fig. 3͑b͒ , and the length of the half-loops is short. As the film thickness increases, the population of dislocation half-loops will increase, as shown in Fig. 3͑c͒ . At a certain point, the density of dislocation half-loops is high enough and these half-loops may grow and combine together to form a long straight dislocation line at the interface that will become part of the dislocation array ͓Fig. 3͑d͔͒. Gradually the average spacing of the array becomes smaller as more and more lines are formed. At the same time, new half-loops continue to nucleate at the film surface and grow. But, at some point, the rate of combination exceeds that of nucleation. So, the total number of half-loops in the film will decrease with increasing film thickness; see Fig. 3͑e͒ . The nucleation, growth, and combination of half-loops are a continuous process during the growth of the film. The dominant driving force is strain energy, which is proportional to the film thickness. By forming the dislocation arrays, the misfit strain is gradually relaxed. When the film is thick enough, at least larger than 200 nm, 11 a very regular dislocation network with 17.7 nm spacing will form to completely relax the strain, as shown in Fig. 3͑f͒ .
In conclusion, the critical thickness of c-axis-oriented epitaxial BaTiO 3 thin films grown on ͑100͒ SrTiO 3 by MBE at 650°C is between 2 and 4 nm, and closer to 4 nm. The formation of the dislocation array is via the generation of and reaction between dislocation half-loops. The percentage of misfit strain relaxation through the formation of a dislocation array is a function of film thickness, which indicates gradual relaxation of mismatch strain with increasing film thickness. FIG. 3 . Illustration of the evolution of dislocation arrays with increasing film thickness. ͑a͒ strained film free of dislocation with thickness less than the critical thickness; ͑b͒ dislocation half-loops start to nucleate when the thickness is above the critical thickness; ͑c͒ density of half-loops increases with increasing film thickness; ͑d͒ combination of dislocation half-loops into dislocation lines at the interface; ͑e͒ formation of dislocation array at the interface with decreasing number of half-loops in the film; and ͑f͒ complete relaxation of misfit strain by formation a high density and regular dislocation array at the interface.
